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In this paper, the potential benefits offered by calcium sulfoaluminate cement
(CSA) production from industrial wastes or by-products already present in Republic of
Croatia have been addressed. A variety of industrial wastes, namely phosphogypsum
(PG), coal bottom ash (BA) and electric arc furnace slag (EAFS) were used as raw mate-
rials to provide additional environmental advantages in production of CSA. Mass frac-
tion of Ye’elimite, the principal hydraulic mineral in the prepared CSA was determined
by quantitative X-ray powder diffraction. Calculated phase composition based on 18
sub-systems of five-component assemblages, each containing five clinker phases,
showed promising results. The hydration behavior of CSA clinkers was investigated by
calorimetric and Vickers hardness tests. In conclusion, CSA production offers an alterna-
tive and feasible method of industrial waste minimization.
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Introduction

CO, emissions due to human activity and ex-
tensive use of natural resources pose a serious
threat to future sustainable development as well as
trigger climatic change. The cement industry ac-
counts for up to 5-7 % of CO, emissions' due to
the large global production of cement (2 billion
tons per year) and due to the high temperatures in-
volved in its production, along with the large quan-
tity of calcareous materials needed per ton of ce-
ment produced. However, the cement industry has
the potential to reuse vast quantities of various in-
dustrial wastes and by-products®? by their incorpo-
ration, as raw material for clinker production or by
adding them during the final grinding of clinker.

Calcium sulfoaluminate (CSA) cement had
been recognized as a “low CO,”! and “low energy”
cement due to the much lower CO, emissions and
energy consumption during its production, and has

“Corresponding author: e-mail: nukrainc@fkit.hr, tel: +385 1 4597 228,
fax: +385 1 4597 260

therefore been extensively investigated in recent
years.*® At same mixing water to cement ratios and
achieved degrees of hydration the obtained porosity
of cement pastes made from CSA is considerably
lower than that of ordinary PC. This is because of
the higher stoichiometric requirement of the chemi-
cally bound water in the hydration products formed
by hydration reactions of CSA, especially in that of
the AFt type* hydration products (mainly ettrin-
gite). About one million tons of CSA type cements
are produced annually in China,” where special ce-
ment standards have been issued. To manufacture
CSA clinker, an appropriate starting raw mixture
need to be burnt at maximum temperatures 1200—
1300 °C. The reuse of such waste raw materials,
principally phosphogypsum, reduces both the tem-
perature and the time of the firing process.® On a
large-scale manufacture, the firing process can be
performed in conventional rotary kilns used for PC
manufacture.” Throughout this paper, cement min-
eralogy nomenclature is used (C=CaO, A=Al0;,
S=Si0,, s=S0O,, F=Fe,0;, M=MgO). Ye’elimite
(4CaO - 3Al,0; - SO, i.e. C4A;s in shortened ce-
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ment mineralogy notation) is the principal mineral
phase responsible for the early strength develop-
ment during cement hydration. Ye’elimite reacts
with water and dissolved gypsum added during
milling of calcium sulfoaluminate clinker, giving up
calcium monosulfate aluminate hydrate (Eq. 1) and
ettringite (Eq. 2) together with amorphous alu-
minium hydroxide as main hydration products:>®

4Ca0 - 3ALO, - SO, + 18 H,0 = 4Ca0 -
ALO, - SO; - 12 H,0 + 4 Al(OH), (D

4Ca0 - 3AL,0, - SO, + 2 CaSO, -
2H,0 + 34H,0 - 6Ca0 - ALO, - (2)
3S0; - 32H,0 + 4 Al(OH),

Depending on the proportion of the individual
mineral phases in the clinker and the content of cal-
cium sulphate, CSA may perform as non-expansive
high early strength cements, or as expansive ce-
ments. Development of the rigid skeletal structure
followed by formation of ettringite results in expan-
sive cement. Contrary, ettringite formation preced-
ing the development of the rigid skeletal structure
gives non-expansive CSA cement.

In the presence of the iron minerals in the
raw mixture, a considerable amount of iron may
form a solid solution of the ferrite phase type
Ca,(Al Fe, ),05 where x may range from 0-0.7.1°
The ferrite phase exhibits a higher reactivity than in
ordinary PC, contributing to both the early strength
development and long term strength of the CSA.
This higher reactivity is most likely due to its for-
mation at lower firing temperature.' The C,F starts
forming at about 1100 °C and at higher tempera-
tures it incorporates alumina, which finally attains
the composition C,AF,. To obtain Ye’elimite (C,A;s)
and to avoid its decomposition as well as decompo-
sition of CaSO, at higher temperatures, the firing
temperature in the manufacture of CSA must not
exceed 1300 °C (especially if reusing the waste as
raw materials). Belite (C,S) is usually present in its
B modification, but sometimes also in a form.
Belite, as well as ternesite (C;S,s, also called sulfo-
spurrite) have only a very small contribution to
early strength development, but are mainly respon-
sible for the late strength of the CSAC. Ternesite
can be formed as an intermediate phase, from about
900 °C?® and decomposes above 1200-1280 °C to
C,S and CaSO,.

In this work, the potential benefits offered by
CSA cement production from industrial waste mate-
rials already present in Republic of Croatia have
been addressed for the first time. The main raw ma-
terial components are: waste phosphogypsum from
mineral fertilizer production, electric arc furnace
slag (EAFS) from steel production and bottom ash
from coal fired electric energy production plant.

The quantity of bauxite and limestone are added to
the raw mix in order to correct bulk chemical and
mineralogical composition to obtain useful proper-
ties of the final CSA cement. Theoretical calcula-
tions were done in order to investigate the appropri-
ate raw composition for obtaining the CSAC
clinker. The mineralogical composition of the sam-
ples was investigated by XRD powder diffraction.
The hydration behavior of CSA clinkers was inves-
tigated by calorimetric and Vickers hardness tests.

Elaboration

CSA vs. PC: Assessment of energy saving
and CO, emission

CSA can lay claim to being a very attractive
“high-performance” cement mainly due to follow-
ing reasons:*?®

a) low energy and low CO, emission associated
with its production;

b) ability to form cements, mortars and con-
cretes with high early and late strengths;

¢) shrinkage compensating abilities;

d) potential for good durability, especially in
saline marine environments, and the protection it
provides to embedded steel (as well as resistance to
alkali-silica reaction).! However, more research is
required to establish the durability of concretes
made from CSA cements.

Next, the energy requirement and environmen-
tal impact of CSA and PC production is quantita-
tively compared. The energy balances and CO,
emissions depend on the efficiency of the kiln and
fuel. Indications of these balances are shown in Ta-
ble 1, regarding the firing process, grinding process
and CO, emission. For the purpose of such compar-
ison, we consider a standard grade PC product
(CEM II/B-M(S-V) 42,5N) which is blended with
15 mas. % of supplementary addition (granulated
blast furnace slag and fly ash). Due to low CaCO,
content, in relation to OPC, the CO, emissions are
markedly reduced in CSA clinkers. Furthermore,
economic benefits of CSA over PC in specific fuel
(per kilogram of cement produced) and CO, re-
lease, results from the high level of gypsum addi-
tion, 15-25 %, typically made to the clinker, as well
as the low energy requirements for grinding the
clinker. The influence on the energy requirement
for firing the kiln was divided into two segments
(Table 1):

(1) influence of the firing temperature, and
(i1) influence of the amount of raw material.

Literature values were used for firing tempera-
ture and amount of raw material' for both types of
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Table 1 — Ecological and economical benefits of CSA over PC

Savings in regard
Process Parameter CSA PC (Cem II) to the PC
1200 °C 1450 °C
Temperature ~5 % (0.15 GJ/t cement)
Lower heat loss (3.1 GJ/t cem)
. 0.55 t CaCOs / t cement
Sintering 0.3 t CaCO;/ t cement 0.85 t CaCO; / t cement .
Amount 0.6 GJ/t
1.25 t raw / t cement 1.6 t raw / t cement
0.35 t raw / t cement
Total saving > 1.1 GJ/t cement
. o 0,3 t CaCO;/ t cement 0,85 t CaCO; / t cement "
raw materials for sintering . ~28 %
bauxite 10 % (16 kWh / t cem.)
Grinding sintered = low energy re- Partly melted = huge energy
cement clinker quirement, ~40 % less than requirement ~40 %
for PC (36 kWh/ t cem.)
Total saving ~33 %

0.3 t CaCO5 / t cement
0.132 t CO, / t cem.

Co, (2.48 GJ/t cem.)

0.85 t CaCO; / t cement
0.374 t CO, / t cement

Raw material (CaCOs;) 0.242 t CO, /t cement

(3.1 GJ/t cem.)

emission FUEL 90 kg CO, /GJ 90 kg CO, /GJ 20 %
223 kg CO, / t cem. 279 kg CO, / t cement
Total saving 42.5 %
bottom ash ~12 %
EAFS ~30 % ash + EAFS =10 %
Waste o -
management phosphogypsum ~15 % (35 HRK/t waste) 11.2 HRK / t cement

(35 HRK/t waste)
14.7 HRK/t cement

3.5 HRK/t cement

“considering 60 % of energy for CaCO; decomposition (1.78 GJ/t CaCOs) for conversion to per ton of cement

**economical benefit for the same specific energy requirement (per 1t cement) for grinding due to lower mass of raw materials for production of 1t of cement.

**currency exchange, 1 Euro ~7.58 HRK

cements. Energy consumption for the formation of
CSA clinker is much lower than that of ordinary
PC, and even of belitic clinkers. Firstly, this is
mainly because the thermal losses are reduced due
to a lower firing temperature required (1200 — 1300
°C instead of 1450 °C). Secondly, energy saving for
firing is also due to the lower overall CaO content
to be produced in CSA, and because the fraction of
the CaO is formed from CaSO, instead of CaCOs;.
A potential problem in industrial manufacture may
be the partial thermal decomposition of CaSO, dur-
ing firing the raw material, which may call for an
appropriate technology to control the SO; emission.
However, the emission of CO, and NO, is signifi-
cantly reduced'?. The energy requirement for the

grinding process of CSA clinker is much lower than
that of ordinary PC clinker (Table 1). The values in
Table 1 show the assessment of energy savings in
the grinding process of raw materials (before sin-
tering), as well as cement clinker (after sintering).
According to the known stoichiometric amount of
the raw material that needs to be ground, the sav-
ings in energy are estimated at about 28 %,, while
the overall savings are estimated at about 33 %,.

Table 1 also presents the ecological and eco-
nomic benefits of CSA over PC regarding the CO,
emission. The basic fee for CO, emissions in
Croatia was taken to be 14 — 18 HRK per ton of
CO, (1 EUR ~7.58 HRK). The reaction of CaCO,
decomposition (CaCO,; - CaO + CO,) forms 44
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mas. % of CO,. The emission of CO, per ton of ce-
ment is calculated according to the amount of the
CaCO, raw material needed for the production of
cement. For PC, this emission amounts 0.374 t CO,
/ t cem. (0.85 t CaCO, / t cem. - 0.44), while for
CSA, the savings amount to 0.242 t CO, / t cement
(Table 1). Beside the CO, emission from CaCOs,
there is also a significant emission resulting from
fuel combustion. According to the Cement Data
Book by W. H. Duda!, the value of the energy re-
quirement for 1 t of cement and the amount of CO,
emissions, the estimated emission from fuel com-
bustion was calculated (e.g. for CSA 2.48 GJ / t
cem. - 90 kg CO, / GJ =223 kg / t cem). The as-
sessment of waste management savings is given in
the last row of Table 1.

The uses of PG are still limited and the reason
for this is not just in the legal prohibitions, but also
the fact that PG as a raw material is relatively new,
so companies need a certain period of adjustment to
start using it. Based on chemical and radionuclide
analysis, phosphogypsum from Petrokemija d.d. —
Kutina, Croatia is determined as non-hazardous
waste and Petrokemija d.d. has been granted a per-
mit for the retention of phosphogypsum. Therefore,
it is possible to prepare calcium sulfoaluminate
cement from phosphogypsum and other industrial
by-products.

Experimental

To formulate the clinkers, three industrial by-
products were used as raw materials:

— electric arc furnace slag (EAFS), Sisak Iron-
works d.d. (Sisak, Croatia);

— coal bottom ash (BA), Plomin Power Plant
II (Plomin, Croatia);

— phosphogypsum (PG), Petrokemija d.d. —
Kutina (Kutina, Croatia).

Their chemical oxide composition is shown in
Table 2. To correct the bulk chemical and mineral-
ogical composition, two additional raw materials
were employed:

— bauxite, CALUCEM cement plant (Pula,
Croatia);

— limestone, p.a. Kemika Zagreb.

The raw materials were ground and sieved be-
low 125 um. They were then wet homogenized in a
planetary mill (FRITSCH, Pulverisette 5, «-alu-
mina pot and grinding balls), according to desired
proportions (weighted on analytical balance, ho-
mogenized for 5 min at 250 rpm with addition of
demineralized water) and then fired (sintered) in
porcelain pots at 1200 °C for 1 h (above 1250 °C
occurred partial melting) in an air atmosphere elec-
tric furnace (Nabertherm) with a heating rate of 10

K min™' and natural cooling rate of the furnace).
CSA clinker samples were milled in a ring agate
mortar (very easily, i.e. with low energy require-
ment) and sieved below 125 um. The mineralogical
composition of the ground samples was investi-
gated by XRD powder diffraction. Shimadzu XRD
6000 (Japan) diffractometer with a CuKa radiation
(30 kV, 30 mA) was used.

We employed quantitative X-ray diffraction
(QXRD) by using the adiabatic principle with auto
flushing!3-15 as a proven suitable method for quanti-
fying the minerals in cement. In such method, the
relationship between the intensity of the character-
istic X-ray reflection /; is directly proportional to
the weight fraction of the component by the factor
k, which contains the mass absorption coefficient of
the total sample. Experimentally determined £; val-
ues hold only for the detecting system and for no
other. Reasonable standard materials for such a
study are rutile (TiO,)'® or corundum (Al,0,)'. The
rutile used in this study had a narrow particle size
distribution around approximately 0.4 um, which
would reduce the microabsorption effect. XRD
analysis of chosen standard rutile showed no traces
of anatase. In this work, C,A;s in the prepared sam-
ple is quantified based on the Chung method. The £;
values were determined by mixing of pure phase
and standard mineral rutile (TiO,) in a 50:50 weight
ratio. For the synthesis of C,A;s, precipitated cal-
cite (CaCO; analytical grade purity, Kemika),
anhydrite (CaSO,, analytical grade purity, Kemika)
and gibbsite (Al(OH);, Sigma-Aldrich) were wet
homogenized in planetary mill (FRITSCH, Pulveri-
sette 5, a-alumina pot and grinding balls) in the re-
quired stoichiometric mole proportion, dried at 105
°C and fired at 1150 °C, for 4 h in an air atmo-
sphere electric furnace. The cement samples were
milled in a ring agate mortar and sieved below 40
um to maximize the number of particles analyzed,
improve powder homogeneity and packing charac-
teristics, and minimize microabsorption-related
problems. Each sample prepared for QXRD was
mixed with 10 mass % of rutile, followed by grind-
ing and homogenization in an agate mortar under
acetone. Appropriate corrections for peak overlap
were applied meticulously by inference to the (mea-
sured) intensities of the pattern due to the pure
phases. Measurement uncertainty of the QXRD
analysis is discussed further in section Results and
discussion.

Calorimetric measurement

The heat of hydration evolution was measured
by means of a self-adopted laboratory isoperibolic
calorimeter. The employed calorimeter consists of
an insulating container (composed mainly of styro-
foam cups with stoppers), temperature sensor, and
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thermostated bath, as shown in Figure 1. The tem-
perature change in the calorimeter is measured by
K-type thermocouples (wire thicknes of 0.2 mm).
Temperature is stored every 15 seconds by a data
logger PICO Logger TC-08 (Pico Technology Ltd.,
UK: 20 bits, 8 channels, voltage resolution 1uV)
connected to PC with PicoLog for Windows soft-
ware. The thermocouples were calibrated using
high accuracy Pt 100 probe. Thermocouple cold
junction is held at room temperature and sensed by
a precision thermistor in good thermal contact with
the input connectors (on thermal block) of the mea-
suring instrument. In order to assure good cold
junction compensation, a change of its temperature
is kept as low as possible.

The cement and appropriate amount of water
was left to reach thermal equilibrium (overnight)
before manual mixing in the calorimeter. The calo-
rimeter (Fig. 1) consists of a glass sample holder
(29 mm in diameter and 50 mm in height) and sur-
rounding insulation. Sample holder is quantitatively
filled with a cement paste sample (prepared with 10
g of cement for all mixtures) and put into the insu-
lating body which is immersed in temperature con-
trolled water bath 7 = 20 °C (£0.03 °C).

The evolved heat of hydration per gram of ce-
ment (J g') was calculated by employing the
lumped-parameter heat transfer model:

C, f
0(1) = m(AT(z) +8f AT(r)) 3)
0

where:

C, — effective heat capacity of the calorimeter,
JoCt

B — cooling constant of the calorimeter, h™!

m — cement mass, g

The following calorimeter parameters were es-
timated: the heat loss constant, the cooling constant,
and the effective heat capacity. The calibrations
were done by applying a known voltage to a known
electrical resistance (thin constantan wire) embed-
ded in a block of hardened cement paste. The heat
loss from the calorimeter to the surrounding was
obtained from a steady state condition measurement
(the voltage was applied until the steady state was
achieved). In steady state the heat loss equals the
heating power dissipating on the embedded resis-
tance wire. The cooling constant of the calorimeter
was obtained from the transient temperature re-
sponse after switching off the Joules heat in the cal-
orimeter. The cooling constant (3) was estimated by
nonlinear regression of the exponential solution of
Newton's law of cooling to the transient experimen-
tal results.
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Fig. 1 — Scheme of the calorimetric measurement set-up

Vickers hardness

The Vickers hardness test (Zwick) was per-
formed on hydrated cement pastes at 7th day after
mixing. A diamond indenter was applied (200 g of
load) into the polished surfaces of the cement
pastes. After removal of indenter an imprint was
measured by optical microscopy (magnification of
100 times) and by means of image analysis (Imagel
software).

Results and discussion

The CSA sample clinkers were formulated at-
tempting to obtain different contents of cement
mineral phases (Table 3). Five series of CSA clink-
ers were synthesized. The chemical oxide composi-
tion is calculated from the known chemical oxide
composition of each raw material (Table 2) and
their proportions (Table 3) in the raw mixture. For
this calculation a computer program was written for
the setting in the Matlab (CaO is increased by the
MgO content multiplied by the stoichiometric fac-
tor of 1.4). By using the mixture experimental de-
sign, we aimed to achieve different cement clinker
formulations and then emphasize the differences
between derived cements. The main drawback was
the difficulty to estimate the correct amount of each
phase after clinkering in such complex systems.
Moreover, the thermal behavior of distinct formula-
tions might diverge and differential kinetics might
alter the theoretical predictions on the phase devel-
opment. The raw materials were sintered in porce-
lain pots at 1200 °C for 1 h. Partial melting of the
material occurred at 1250 °C.



88

N. UKRAINCZYK et al., Calcium Sulfoaluminate Eco-Cement from Industrial Waste, Chem. Biochem. Eng. Q. 27 (1) 83-93 (2013)

Table 2 — Chemical composition of used raw materials (in mass %)

‘ SiO, ‘ Al,O4 ‘ Fe,04 ‘ CaO ‘ MgO ‘ MnO ‘ TiO, ‘ Na,O + K,0 SO,
EAFS 11 2 30 33 13 6 - - —
coal bottom ash 54 23 7 5 - — - -
bauxite 35 57 22.5 1 0.5 2.5 <1 -
phosphogypsum - - - 31.6 - - - 477

Table 3 — Experimental plan: Mass fraction of raw materi-
als and calculated chemical composition used
for the preparation of CSA clinkers

CSA Sample ‘ J ‘ 1c ‘ A ‘ 3b ‘ 4

Raw mixture (mass %)

limestone 25.00 25.00 25.00 25.00 31.25
phosphogypsum 30.00 20.00 25.00 25.00 12.50
bauxite 8.00 23.00 8.00 13.00 10.00
coal bottom ash 18.00 0.00 22.00 10.00 13.40
EAFS 19.00 32.00 20.00 27.00 32.85
Chemical composition (mass %)

CaO 31.59  38.75 3227 36.09 44.67
AlO;4 11.58 1731 12,69 1296 11.99
SiO, 1542 545 1819 11.16 14.23
CaSO, 3023  19.89 25.02 2497 1255
Fe,04 11.17 18.60 11.83 14.82 16.57

XRD analysis of employed industrial waste

The composition of EAFS is based on compo-
nent compositions of type CaO-SiO,, CaO-FeO,
Ca0-Si0,~MnO, Ca0O-Al,0,, CaO-FeO-Si0O, and
Ca0-Si0,~FeO-MgO (Table 6).!” X-ray diffraction
analysis, shown in Figure 2, indicated the following
principally represented minerals in investigated
EAFS: F (Fe), srebrodolskite (C,F), brownmillerite
(C,AF), wustite (FeO), magnetite (Fe;0O,), mayenite
(C,A,), and belite (C,S). Figure 3 shows the X-ray
diffraction analysis of the coal bottom ash (Plomin)
used for preparation of the CSA. It can be seen that
a significant portion of the ash sample is amor-
phous (glassy), while the crystalline phases identi-
fied are a-quartz and mullite, which is in accor-
dance with the chemical composition (SiO, and
Al,O; make 75-80 % of the ash) shown in Table 2.

Phase formation

Figures 4 and 5 present X-ray diffraction anal-
ysis of the obtained CSA sample clinkers from the
raw mixture with the chemical composition shown
in Table 3. The main mineral phases identified are:

Intensity / (arb. units)
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Fig. 2 — X-ray diffraction analysis of electric arc furnace
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Fig. 4 — X-ray diffraction analysis of CSA cement sample J

Ye’elimite (C,A;s), anhydrite (CaSO,), ternesite
(CsS,s, also called sulfospurite), ferrite phase
(C,AF with varying amount of Al and Fe), and
magnetite (Fe;O,). It is worth noting that hematite
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Fig. 5 — Quantitative X-ray diffraction analysis of pre-

pared CSA cement samples, (Y — C,A;s)

(Fe,0O,) at higher temperatures (in air) is in an equi-
librium with magnetite (Fe;O,). The magnetic be-
haviour, observed upon testing with a magnet, may
be ascribed to the presence of magnetite (Fe;O,).
The identified phases are present in distinct relative
amounts, depending on the formulations. Ternesite
(CsS,s, also called sulfospurrite) is formed as an in-
termediate phase, and is expected to decompose
above 1200-1280 °C to C,S and CaSO,. As the
samples fired at 1250 °C partially melted and were
hard to separate from the porcelain pots, further
mineralogical analysis at temperatures higher than
1200 °C were not performed. From the results pre-
sented in the Figures 4 and 5, it can be concluded
that the presence of the ferrite phase excludes the
formation of ternesite, and vice versa.

Mass fraction of Ye’elimite in the prepared
CSA as determined by quantitative X-ray powder
diffraction (Fig. 5) was shown to be in the range of
27 to 32 mass %, Table 4. The employment of con-
ventional (non-Rietveld) XRD methods to quantify
minerals in clinker could be unreliable. The uncer-
tainty of the result is mainly associated to the pre-
ferred orientation effects (the powder method as-
sumes that the ground crystallites are randomly ori-
ented, which is not the case when the structures are
platy or needle-shaped). Preferred orientation prob-
lem can be solved by spray-draying, when the
poly-mineral irregular particles become spherical.
However, mostly this is not practical. Practically
the effect can be almost eliminated by grinding to
particle sizes less than 1 um, and back-loading the
specimen holders. Nowadays, the effect is most
commonly corrected in the Rietveld refinement pro-
cedure. However, a problem in Rietveld quantifica-
tion of CSA is the missing of satisfying structural
model of Ye'elimite. Schmidt and Pollmann'® em-
ployed an empirical method by identification of a
isostructural phase with similar stoichiometry and
lattice parameters and validated the accuracy of the
Rietveld method for CSA systems on different syn-
thetic clinkers, obtained from pure synthetic phases.

Phase fraction

They concluded that only the preferred orientation
of CaSO, has to be taken into account. Investigat-
ing the back-loading and front-loading sample
preparation procedure resulted in a standard error of
the mean for Ye'elimite to be 0.93 and 0.26, respec-
tively. Shape of clinker particles as well as cubic
structure of Ye'elimite could result in favourable
(near random) orientation of Ye'elimite crystallites.
Rietveld quantification of CSA gave 36.1 % for
Ye'elimite in prepared samples, which is in reason-
able agreement to values obtained in this paper.
Also, the calculated phase composition in work by
Schmidt and Pollmann'® yielded reasonable esti-
mates to Rietveld quantification.

In order to investigate the appropriate raw
composition for obtaining CSA eco-cement from
the aforementioned industrial raw materials a com-
puter code to calculate a theoretical phase composi-
tion is developed. The mineralogical composition
of clinker can be calculated quantitatively accord-
ing to the Bogue method, or its modification.!® The
Bogue method is a solution of a set of linear simul-
taneous equations, each giving the total fraction of
one of the main oxides, namely CaO, SiO,, Al,O;,
Fe,O; and SO, for Portland cement, which can be
determined/measured for the initial mixture. The set
of five equations can then be solved for the un-
known fractions of the five-component system.
Only the simplified approach is employed here that
disregards the existence of solid solutions in the
formed phases.

Sahu and Majling!® proposed a tentative inter-
nally consistent model for phase compatibility rela-
tionship in the C-S-A-F-s oxide system. The model
is based on phase diagrams and phase equilibrium
studies for the phase compatibility data in the indi-
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Fig. 6 — Change in phase fraction prediction as a function
of variation in a mass fraction of bottom ash (and EAFS frac-
tion, please see text while fixing mass fraction of calcite (31.25
%), bauxite (10.00 %) and phosphogypsum (12.50 %) as in
sample 4 (Table 3)
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vidual binary, ternary, and quaternary subsystems
of the C-S-A-F-s system. In this paper, the eighteen
phase assemblages, each containing five phases, as
established by Sahu and Majling,"” are considered
for theoretical quantification. Their phase compati-
bility relationships enable computation (quantifica-
tion) of the of clinkers’ phase composition and easy
investigation (i.e. by. reducing the number of exper-
iments) of the potential raw mix compositions for
the synthesis of CSA.

The calculation of the potential phase composi-
tion of CSA clinkers is implemented as a computer
program for the setting in the Matlab to calculate
the phase composition of clinkers. The code first
calculates the chemical composition of the mixture
based on the mass fractions of the used raw materi-
als and their chemical compositions. Then, as a
main contribution of the Matlab program, all the 18
sub-systems of equations are solved, each compris-
ing of a set of 5 equations with 5 unknowns. The
phase assemblage of all 18 sub-systems'® is listed
later as a table in Figure 7. For the sub-system No.
1, the phase assemblage is C,S, C, C;A, C,AF and
C4A;s, and the equations are:

m; = Mg sW; ¢, T MW, ¢ + Mo AW, oo 4)

+ m W, + m W,
C4AF ""i C4AF C4A3s LC,A4s

where i represents each of the five mass balances
corresponding to the five oxides: C, A, S, s, and F.
Equations for other 17 sub-systems (Table in Figure
7) were obtained in an analogous way (therefore
not shown here as they can be reproduced). The
output of the algorithm first calculates the unknown
fractions of the five-component system for all 18
sub-systems, and then extracts the true phase com-
position of the clinker indicated as the only true so-

Phase assemblage

J ) Subsystem
No.
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1 s C

CSs L4

No solution
CA  CAF
CAF CiAs
CuA; CiAF
CA  CiAF
CF
CF
CF;
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Fig. 7 — Change of the subsystem number with a true com-
positional solution for simulation parameters as in
Fig 5
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Table 4 — Comparison of calculated and measured values
for mass fraction (in mass %) of Ye’elimite in

clinkers
Sample 3b J Ic A 4
QXRD 32.0 28.1 27.1 313 29.2
Model = = 32.8 . 24.0

“No solution found

lution of all 18 subsystems. The true solution is
found by the condition that a summation of all 5
mass fractions should yield 100 % within a pre-
scribed tolerance (e.g. of £ 0.1 %) and that each of
the individual mass fraction should lie within O to 1
interval. The model does not consider the existence
of ternesite (CsS,s), but instead the phases C,S and
Cs as compatible pairs. Ternesite is formed as an in-
termediate phase, and is expected to decompose
above 1200-1280 °C according to:
CsS,s &= 2C,S +Cs (5)
It could be concluded that the formed ternesite
was not decomposed in our mixtures due to the rel-
ative low firing temperatures and/or because of the
relatively short time of firing. It can be argued that
the calculations could be used still considering the
reversible reaction eq. (5). Therefore, depending on
the degree of the reaction of decomposition (Eq. 5)
the reacted mixture could comprise up to 6 phases
(instead of the 5 phases-model, which corresponds
to full decomposition of ternesite) or only 4 phases
in the scenario when the decomposition degree is 0
%. Although the Bogue calculation did not consider
the formation of a solid solution, the quantity of
Ye’elimite in the CSA cement clinkers was reason-
ably close to their predicted composition (Table 4
and Fig 6). This shows promising results for em-
ploying the composition calculation to effectively
predict CSA cement clinker phase composition
from its industrial by-product raw materials oxide
composition. The calculated mass fraction of sam-
ple 4 is: 0.408, 0.010, 0.183, 0.240, and 0.160, for
C,S, F, CF,, C,A;s, and Cs, respectively. The calcu-
lated mass fraction of sample 1c is: 0.1483, 0.0996,
0.0906, 0.3280, and 0.3335, for C,S, F, CF,, C,A;s,
and Cs, respectively. Table 4 shows that for some
compositions there was no solution found with the
Matlab program. Furthermore, by comparing the
theoretical and experimental results, it can be ob-
served that the experimental amount of Ye’elimite
in sample 4 is higher than in sample 1c, but the
Bogue calculations show an opposite tendency (i.e.
predicts a higher value for sample 1c). This could
be attributed both to the accuracy of the QXRD
measurement and to the limitations of the employed
simplified Bogue calculations that does not con-
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sider the solid solution effect. For more accurate
predictions, a modified Bogue calculation should be
employed that accounts for the solid solution reality
of produced phases. However, more research is
needed in order to obtain all the input parameters
for such an advanced model, and is currently under-
way.

Further, the potential use of the Matlab pro-
gram is demonstrated in the example in Fig 6. The
phase fraction is calculated for a fixed mass fraction
of calcite, bauxite and phosphogypsum to 31.25 %,
10.00 % and 12.50 %, respectively (corresponding
to the sample 4 in Table 3.). The remaining amount
to 100 % is composed of bottom ash and EAFS.
Therefore, an increase in the amount of bottom ash
would result in the decrease of the EAFS in order to
keep the balance. Fig 6 shows the change in the
predicted phase fraction as a function of the change
in the amount of bottom ash and EAFS. This was
calculated by internally iterating the Bogue calcula-
tions for incremental changes in bottom ash and
EAFS. The change of the corresponding subsystem
number with a true compositional solution is shown
in Fig 7. These two figures clearly depict regions
where no solution could be found by the Bogue cal-
culations for these compositional cases. Regions
with no theoretical output are detected for bottom
ash fraction of around 12.5 % and after 22.5 % for a
simulation scenario presented in Fig 6. The right
side limit is due to the fact that the used calcula-
tions are confined to the portion of the system in
which C,S is present.!” For other mixture composi-
tions (e.g. as in Table 4) behaviors are quantita-
tively different. In this paper, only simulation de-
rived from sample 4 is presented to show the poten-
tial use of the Matlab program for investigating the
effect of raw mixture (i.e. bottom ash and EAFS
mass addition) to the mineralogical composition of
clinker.

Hydration study

The hydration behavior of CSA clinkers were
investigated by calorimetric and Vickers hardness
tests. Both the influence of the different clinker
mixtures and the addition of phosphogypsum on the
hydration behavior are investigated. Measurements
are done with clinker samples 3b and 4 (Table 5).
The 3b clinker was directly mixed with water, while
to a mixture with the sample clinker 4 different
amounts of phosphogypsum are added: 10 %, 15 %
and 20 %. The mixtures are labelled 3b, 4 10,4 15
and 4 20, respectively.

Figure 8 presents the results of the rate of the
heat of hydration, obtained by differentiating the
cumulative heat of hydration curve. Rate of heat
generation on water addition are in general due to
wetting, dissolution and hydration reactions of ce-

Table 5 — Experimental results on Vickers hardness (sam-
ples hydrated for 7 days) and evolved heat of
hydration (after 20 h)

Sample, w(PG)" / % ‘ A/ ym? ‘ H, 74/ MPa | Oy, / Jg!

3b 0 16030 109.0 189
410 0.10 56676 34.6 97
415 0.15 42361 46.3 129
420 0.20 22340 87.6 144

* mass fraction of phosphogypsum (PG) added during paste mixing

ment minerals. The observed rate of heat generation
is typical of cement hydration, i.e. initial rapid heat
generation is due to the initial wetting and dissolu-
tion of minerals, presumably mostly Ye’elimite and
anhydrite followed by nucleation and growth of hy-
drate phases, mostly ettringite. The dormant period
is observed in case of sample 3b, but is overlapped
by other processes in case of hydration of samples
4 15 and 4 20. The initial rate of heat evolution
(first maximum) is higher for higher amounts of
phosphogypsum (added later during cement paste
mixing). The main maximum of rate of heat genera-
tion occurs around 2.3 h and 3.7 h for samples 4a
and 4bc, respectively, followed by gradual decrease
up to 20 h hydration. It is interesting to observe
qualitatively similar hydration behavior of samples
4 10, 4 15 and 4 20. The main hydration peak of
sample 3 b exhibits two exothermic processes rep-
resented by peaks at around 3.4 h and 6.4 h of
hydration.

Total heat evolved after about 20h of hydration
is given in Table 5. It can be observed that the sam-
ple 3b has the maximal evolved heat, and that the
higher is the additions of phosphogypsum (added
during paste mixing) the lower is the measured cu-
mulative heat evolved up to 20 h of hydration. Fur-
thermore, the highest heat of hydration for sample

40
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@ 20
g
2
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0 T T T
0 5 10 15 20
Hydration time / h

Fig. 8 — Rate of heat of hydration measured by isoperi-
bolic calorimeter
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3b is in agreement with the QXRD data that show
the highest amount of Ye’elimite in that sample.

Results of Vickers hardness test of samples hy-
drated for 7 days are also shown in Table 5. The re-
sults indicate that the hardness (and thus compres-
sive strength) increases with the fraction of added
phosphogypsum. It must be stressed that due to the
porosity within the hardened cementitious material,
the Vickers indentation did not gave an expected
square-based pyramid imprint (as commonly ob-
served for metals), and the characteristic diagonals
could not be distinguish. Therefore, the obtained
Vickers hardness results are only semi-quantitative.
Heat evolution could provide an approximation on
a relative amount of achieved hydration degree.
The trend of results on the measured cumulative
heat evolved up to 20 h of hydration are in agree-
ment with trend of results on Vickers hardness. The
higher the hardness is, the higher is the evolved
heat. Furthermore, it is interesting to compare the
amount of Ye’elimite in the clinker samples (Table
5) with the initial composition (i.e. mass fractions)
of raw materials (Table 3). Basically, in a fired
clinker, the 3b sample has a higher amount of phos-
phogypsum than the sample 4, that is mainly com-
pensated by lower limestone content. The highest
Ye’elimite content could explain the best mechani-
cal properties and the highest hydration heat ob-
tained for the 3b sample.

As the obtained C,A;s content in CSA are
close to the ones obtain in other studies,*'® and the
calorimetric measurements showed significant reac-
tivity, while the Vickers test indicated a develop-
ment of mechanical properties, it can be concluded
that CSA production offers an alternative and feasi-
ble way of the investigated industrial waste mini-
mization.

Conclusion

An elaboration is made to quantitatively com-
pare the energy requirement and environmental im-
pact of CSA and PC production. The manufacture
of portland cement (PC) consumes huge amounts of
energy and has a significant CO, emission. Calcium
sulfoaluminate cement (CSA) is a promising alter-
native binder to PC due to: a) lower limestone re-
quirement in CSA; b) about 200 K lower sintering
temperature for CSA than for PC; and ¢) much eas-
ier grinding of the fired CSA. Each of these argu-
ments considerably reduces energy consumption
and CO, emissions from cement manufacture.
Therefore, CSA materials are a potentially very at-
tractive high-performance eco-cement.

The potential benefits offered by CSA produc-
tion from industrial wastes or by-products already

present in the Republic of Croatia have been ad-
dressed. A variety of industrial wastes, namely
phosphogypsum (PG), coal bottom ash (BA) and
electric arc furnace slag (EAFS) were used as raw
materials to provide additional environmental ad-
vantages in production of CSA. Five series of CSA
clinkers were synthesized in the attempt to obtain
different contents of cement mineral phases. Mass
fraction of Ye’elimite in the prepared CSA as deter-
mined by quantitative X-ray powder diffraction
(QXRD) ranged from 27 to 32 mass %.

Theoretical phase composition of the clinkers
from different raw mixtures compositions were cal-
culated using Bogue calculations. The computa-
tional procedure of phase compatibility and quanti-
fication in the C-S-A-F-s systems relevant to CSA
clinkers show promising performance. For more ac-
curate predictions, a modified Bogue calculation
that accounts for the solid solution reality of pro-
duced phases could be employed.

The hydration behavior of CSA clinkers inves-
tigated by calorimetric and Vickers hardness tests
were in good agreement with QXRD. In conclu-
sion, CSA production offers an alternative and fea-
sible method for minimization of industrial waste.
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A list of symbols with
measurement units

A — Al 04

A — surface area, um?

BA - coal bottom ash

C - CaO

G, — effective heat capacity of the calorimeter,
Joc!

CSA - calcium sulfoaluminate cement

EAFS - electric arc furnace slag
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H
M

m

PC
PG

S
s
T

— Vickers hardness, MPa
- MgO

— cement mass, g

— portland cement

— phosphogypsum

- Sio,

- SO,

— temperature, °C

QXRD — quantitative X-ray powder diffraction

o

q
B

— heat of hydration, J g!
— Rate of heat of hydration, J g! h™!
— mass fraction

— cooling constant of the calorimeter, h™!
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